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Abstract

Genetic variability in humans is a key characteristic underlying susceptibility potential for
responses to environmental chemicals, yet animal testing paradigms typically do not capture the
breadth of human diversity. Diversity Outbred (J:DO) mice are a population of outbred animals
with well-randomized genetic sequence polymorphisms and a genetic architecture similar to that
of human populations. This study was designed to evaluate baseline characteristics of J:DO mice
that could serve as a foundation for future toxicological studies using this population-based
model. Adult male DO mice (n = 75) were fed a control diet and monitored for 13 weeks.
Clinical chemistry values and calculated reference ranges, organ and body weights, and
background histopathology for the liver and kidney are provided. Measurements of sperm
parameters and levels of leptin and insulin are included to assess variability in reproductive and
endocrine parameters. Power calculations are provided for endpoints having comparator data
from prior recent NTP studies, allowing researchers to determine the number of DO mice
needed—per endpoint—to observe a comparable statistical difference to that using conventional
rodent stocks (80% power, p = 0.05). The data suggest sample sizes for guideline toxicological
studies when using DO mice would need to be increased to at least 16—34 mice for most
conventional endpoints. In contrast, hormonal and reproductive endpoints would require >100
mice per endpoint to achieve the same power for determining a difference in experimental
groups comparable to that of conventional studies, which may impact study design. The results
of this initial characterization of DO mice suggest an inherent variability in the underlying
biology that might provide utility for evaluating population dynamics in responses relevant to
genetically diverse human populations.

Key Words: J:DO, Diversity Outbred, population, variability, reference range, power calculation
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Introduction

Human variability is a key characteristic that underlies the potential for and severity of a
response to environmental chemicals. Characterizing uncertainty and variability in human health
risk assessments is, therefore, an important consideration for assessors*. A recognized
opportunity for informing risk assessments is to identify methods of adjusting animal points of
departure (PODs) to human PODs, which will require methods to quantitatively characterize
population variability as it relates to pharmacokinetics and pharmacodynamics.

Central to characterizing population dynamics is understanding sources of variability in response
to chemical exposures. Sources of variability can be characterized as extrinsic or intrinsic.
Extrinsic sources of variability include co-exposures in the subjects’ environment, food sources
and diet, and psychosocial stressors. Intrinsic factors are numerous, and effective at multiple
biological scales, ranging from cellular diversity (e.g., genetic sequence variation, epigenetic
variability) to whole organs (e.g., co-morbidities, co-exposures) to the overall status of the
organism (e.g., gender, life stage, aging, circadian rhythm/chronotype)?. Genetic differences
have been shown to have significant impacts on human health, including susceptibility to adverse
effects caused by exposure to both drugs and chemicals [e.qg., apolipoprotein E (APOE)-4/4 allele
carriers respond poorly to conventional Alzheimer’s disease treatments®; HLA-B*5701
genotyping reduces the risk of hypersensitivity reactions to the drug abacavir?].

Although characterizing all sources of variability in an experimental setting for each exposure
might be intractable, new tools are available that enable exploration of the contribution of
genetic variation to population dynamics in response to chemicals assessed in toxicological
studies. One such tool of interest to the National Toxicology Program (NTP) is the Diversity
Outbred (DO) mouse population, which originally was created by the Complex Trait Consortium
as a tool for understanding the contribution of gene variants to disease outcomes, as well as
baseline characteristics that vary across human populations, such as exercise tolerance and
propensity toward obesity®.

DO mice are an outbred stock derived from a set of recombinant inbred lines called the
Collaborative Cross (CC) that was created by intercrossing eight genetic co-founder strains. The
founder strains of the DO and CC mice include 129S1/SvimJ, A/J, C57BL/6J, CAST/EiJ,
NOD/ShiLtJ, NZO/HILtJ, PWK/PhJ, and WSB/EiJ® ’. DO mice are robust and breed efficiently,
with average first litters comprising seven pups (+ 2.4 SD)®. In the DO mouse population, each
individual mouse is genetically unique and heterozygous for many genetic alleles, similar to
human populations. Owing to the highly structured breeding program from which DO mice were
derived, this population is highly genetically diverse with balanced allelic variation that is evenly
spread across the genome. The frequency of minor (rare) genetic alleles within the population
averages 12.5% (with equal contribution from the eight founder strains). Toxicological studies in
the DO mice offer advantages over human epidemiological studies, in part because minor allele
frequencies in humans average below 5%. More humans would therefore be needed to power an
investigation into population dynamics adequately than if DO mice were used®. DO mice have
been used to identify genetic sequence variants that underlie a wide variety of complex traits,
such as pain sensitivity®, development of atherosclerosis'?, and neurobehavioral characteristics't,
Similarly, DO mice afford an opportunity to study toxicologically relevant traits, such as adverse
responses to drugs and chemicals.
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Several proof-of-principle experiments have been conducted that engender enthusiasm for using
DO mice in toxicological investigations. French et al. (2015)? evaluated the micronucleus
response to benzene inhalation in a 28-day study in DO mice and found that DO mice were 10
times more sensitive than B6C3F1 mice to benzene toxicity. Consequently, toxicity evaluations
using the DO would have yielded a benchmark dose closer to the dose at which humans have
been shown to have adverse health effects due to occupational benzene exposure®. With an
appropriate study design, genetic risk factors for toxicity can also be identified, if desired. For
example, linkage mapping on peripheral blood micronucleated reticulocytes implicated a
quantitative trait locus (QTL) on Chromosome 10 associated with resistance to benzene toxicity.
One gene within the QTL support interval was sulfotransferase 3al (Sult3al), which is involved
in benzene detoxification and for which an inherited copy number expansion conferred toxicity
protection®2. Similarly, DO mice have been used to investigate idiosyncratic (rare), but severe,
liver injury that occurred in consumers taking herbal supplements containing green tea extract.
The primary phytochemical in green tea extract with purported health benefits and antioxidant
capabilities is epigallocatechin gallate (EGCG). Church et al. (2015)** identified a subset of DO
mice that was extremely sensitive to ECGC-induced hepatotoxicity (analogous to the small
subset of human individuals that experience EGCG-induced liver toxicity) and used genetic
mapping to identify translatable genetic risk factors for susceptibility. A clinical study found that
variants in human orthologs of three of the candidate risk genes first identified in mice were
enriched in individuals who experienced EGCG-induced liver toxicity. Such information could
be useful in causality assessments in the clinical setting of liver injury suspected to be caused by
green tea extract-containing herbal supplements.

These new murine models and approaches to understanding population variability have promise
for understanding population dynamics of adverse chemical responses. Previous studies? 14
demonstrate the strength of DO mice to identify human-relevant responses, including those that
occur in only a subset of genetically sensitive humans. The genetic diversity inherent to DO mice
confers the potential for better representing variation in responses that could occur in human
populations, and incorporating that variation into risk assessment®®. To best design such studies,
one would need to understand the variability in the chosen animal model and how that compares
to the variability in the traditional models®®,

An important first step toward evaluating the DO as a population-based model for assessing
chemical risks is an understanding of baseline variability in characteristics that are commonly
evaluated in subchronic toxicity studies, such as clinical pathology and organ weights. An
understanding of baseline population variability in a variety of contexts and in comparison to the
current standard—B6C3F1/N mice—will enable power calculations for detection of significant
changes in biological parameters during toxicological evaluation. To this end, we report here
clinical chemistry, organ and body weights, and background histopathology findings for adult
DO mice. Where possible, we report clinical reference ranges for common analytes to form a
basis of comparison for future investigations using DO mice. We provide a quantitative
assessment of variability within each parameter and report estimates of sample sizes that would
be necessary to detect chemical-induced biological perturbations in a variety of commonly
measured endpoints.
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Methods

Animals and Treatment

Seventy-five male Diversity Outbred (J:DO; The Jackson Laboratory) mice (6 weeks old) were
procured and singly housed in polycarbonate microisolator cages with irradiated absorbent heat-
treated hardwood bedding (Northeastern Products Corporation, Warrensburg, NY) and cotton
fiber Nestlets™ (Ancare, Bellmore, NY) throughout the 14 weeks of the study. All animals were
housed in the Integrated Laboratory Systems AAALAC-accredited animal facility that was
maintained at temperatures between 20 and 25°C, with a relative humidity of 30-70%.
Additionally, animal room light controls were set to maintain a 12-hour light/dark cycle. All
animal procedures were in compliance with NIH and NTP guidance, with animals handled and
treated according to the Guide for the Care and Use of Laboratory Animals and in compliance
with all applicable federal, state, and local regulations. Study and procedures were approved by
the Institutional Animal Care and Use Committee at Integrated Laboratory Systems.

Following a 1-week acclimation period, animals were placed on an ad libitum control diet
(D12450J; 10% kcal from fat, 20% kcal from protein, and 70% kcal from carbohydrates;
Research Diets, New Brunswick, NJ; n = 75), except during designated fasting periods.
Consistent with standard NTP protocol, animals had ad libitum access to reverse-osmosis-treated
tap water from glass bottles. Retrospective annual analysis for the quality of drinking water from
the City of Durham, NC was reviewed and showed no potential contaminants in the drinking
water that might have affected the study outcome. Results of comprehensive chemical analyses
of reverse osmosis water by National Testing Labs, Inc. (Cleveland, OH) were reviewed and
likewise showed no potential contaminants that might have affected the study outcome.

Due to the large number of animals in this study, the mice were divided into 4 replicate cohorts
consisting of 18 or 19 animals per cohort. To maintain time consistency of sample collection, the
study start days were staggered for the cohorts and one cohort was started on each of

4 consecutive days. Clinical observations were performed during the acclimation period (within
2 days of arrival) and weekly throughout the study. The initial week 1 assessment coincided with
beginning of feed consumption measurements for each cohort. Feed consumption (g/kg BW/day)
was measured for each animal during the initial acclimation period and weekly until study
termination (data not shown). Body weights were recorded at the start of the study and weekly
through study termination at week 14.

One day prior to the start of the study and on study termination, each mouse was anesthetized via
isoflurane inhalation, and blood was collected from the retro-orbital (RO) sinus; approximately
100-150 pL of blood was collected per animal (no more than 1% of body weight). The blood
was collected into a Microtainer™ serum separator tube (Becton Dickinson and Company,
Franklin Lakes, NJ) and allowed to clot for approximately 1 hour. The blood was then
centrifuged; the serum was aliquoted into 1.2-mL cryogenic vials and stored at or below —70°C
for subsequent glucose analyses.

In-Life Resting-State Glucose

In-life blood glucose evaluations were performed on all mice at week 14, 1 day prior to study
termination. Briefly, mice were transferred to clean cages with access to water but without access
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to feed beginning at 0700 hours. The mice were fasted 4-5 hours, and resting-state glucose levels
then were measured using a handheld Blood Glucose Monitoring System Meter (AlphaTRAK 2,
Abbott Laboratories, Chicago, IL). Blood samples were obtained by tail prick; approximately

1 uL of blood was collected directly onto the glucometer test strip for immediate analysis.
Following resting-state glucose evaluation, the mice were returned to their original housing and
provided ad libitum access to feed.

Terminal Blood and Tissue Collection

At the scheduled day of study termination and at a consistent time of day, mice were weighed
and each mouse then anesthetized via isoflurane inhalation. Up to 1,400 pL of blood was
collected from the RO sinus into serum separator tubes (2 tubes per animal, up to 700 uL per
tube). The anesthetized mouse was then euthanized by cervical dislocation and submitted for
necropsy. The blood was allowed to clot for approximately 1 hour and then centrifuged. The
serum was harvested and aliquoted into up to four 1.2-mL cryogenic vials (50 pL, 200 uL,
200 pL, and remainder) and stored at or below —70°C until analyzed.

At necropsy, the liver, brain and left and right kidneys (weighed individually), testes (left
weighed only), and epididymides (weighed individually) were removed and weighed. The left
lobe of the liver was cut in half (transverse cut) with one half placed into 10% neutral buffered
formalin (NBF). The right kidney (longitudinal cut) was placed into 10% NBF; the right testis
was collected in modified Davidson’s solution. The right epididymis was used for sperm motility
and concentration evaluations. Epididymal sperm motility and concentration parameters were
measured by computer-assisted sperm analysis (CASA, Hamilton-Thorne, Beverly, MA) per
NTP specifications. The instrument parameters were minimum contrast, 30; minimum cell size,
4 pixels; straightness threshold, 50.0%; path velocity cutoff, 10.0 um/s; progressive minimum
path velocity, 50.0 um/s; static head size, 0.13 to 2.43; static head intensity, 0.10 to 1.52; and
static elongation, 5 to 80.

Hyperactivated sperm were evaluated by allowing the sperm to disperse into 1.0 mL phosphate-
buffered saline (PBS) for 5 min at 37°C. Debris was removed by a brief low-speed centrifugation
(100 x g for 15 sec at room temperature), and the sperm were then centrifuged at 500 x g for 8
min at 4°C and resuspended in 2 mL of M16 medium (Sigma). Aliquots were either processed as
below or incubated at 37°C in 5% CO2/95% air for 1.5 hours. Hyperactivated sperm were
measured using the following sorting parameters: track speed >170 um/s, amplitude of lateral
head displacement >9.0 um/s, and linearity <30% consistent with Ghanayem et al. (2010)*".

Histopathology

Tissues in 10% NBF [liver, right kidney (longitudinal section)] were transferred to

70% histology-grade alcohol 18 to 24 hours post-necropsy. The fixed tissues were histologically
processed and paraffin-embedded within 5 days after transfer to alcohol. A pathologist, without
knowledge of animal identity, evaluated hematoxylin and eosin-stained liver and kidney tissue
sections for morphological alterations. Gradable lesions were graded on an ascending scale of

1 to 5, depending on severity; nongradable lesions were noted as present. Grading was based on
a five-point scale as follows: 1 — minimal, 2 — mild, 3 — moderate, 4 — marked, and 5 — severe.
Minimal changes included few or small to nearly undetectable changes, Mild changes were
slightly increased over minimal, Moderate changes were obvious but not overwhelming, Marked
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changes were many in number or large, Severe changes included extensive increase in size or
number or degeneration that is often associated with adverse effect on the tissue or whole animal.
The histopathology evaluation was performed with a low or no threshold, such that any lesion
was recorded regardless of significance.

Clinical Chemistry

Clinical chemistry evaluations were performed on all serum samples collected at study
termination on an Olympus AU400e chemistry analyzer (Beckman Coulter, Inc., Irving, TX)
using commercially available reagents and standard methods. Biochemical markers included
serum concentrations of glucose, triglycerides, cholesterol, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), non-esterified free fatty acids (NEFA), blood urea nitrogen (BUN),
creatinine, calcium (Ca), inorganic phosphorus (iPhos), sodium (Na), potassium (K), chloride
(ClI), total carbon dioxide (COz2), anion gap, total protein, albumin, and globulin. Serum activities
of alanine aminotransferase (ALT), alkaline phosphatase (ALP), sorbitol dehydrogenase (SDH),
and creatine kinase (CK) also were determined. Serum insulin and leptin concentrations were
determined by electrochemiluminescent immunoassay methods using a Sector Imager 2400 and
mouse-specific reagents from Meso Scale Discovery in blood samples collected at necropsy and
at the end of week 1 (MSD; Gaithersburg, MD).

Statistical Analyses

Data are presented as the mean * standard deviation or as the result from the individual animal.
Comparisons of metrics across time points were made using a two-sided Student’s t-test where
the data were normally distributed. When the variances between treatment groups were not
equal, a Welch corrected t-test was used. P-values are two-sided and considered significant if
p < 0.05.

Normal reference ranges for each analyte in male DO mice were calculated according to standard
practice for setting reference intervals set by the American Society for Veterinary Clinical
Pathology, which mirror the 2008 Clinical Laboratory and Standards Institute recommendations
for human patient ranges*®. Outlier values were first identified and removed using the robust
regression and outlier removal (ROUT) analysis in Graphpad Prism (version 7.00; La Jolla, CA),
which identifies outliers using nonlinear regression (Q = 0.1%)*°. Next, the data were tested for
normality using the D’ Agostino-Pearson omnibus normality test (Graphpad). For analytes with a
normal distribution, the reference range was set at the mean = 2 SD. When the lower-bound
value (—2 SD) was below zero, the minimum value was set to zero (for sperm concentration and
sperm percent hyperactivity). For non-normally distributed endpoint data, analyte values were
rank ordered; the minimum value of the reference range was equivalent to the ranked value
corresponding to the 2.5th percentile and the maximum value was equivalent to the ranked value
at the 97.5th percentile. Outlier values were removed only for the purposes of setting the
reference range; these outlier values were included in all other analyses, including power
calculations.

Power Calculations

One goal of the study was to determine how many DO mice per group would be needed to
achieve the same statistical power as 10 B6C3F1/N mice per group typically used in 13-week
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NTP studies. Data on selected endpoints from male control B6C3F1/N mice were summarized
from five recent NTP subchronic studies that used either drinking water or gavage exposures?’-24,
For each selected endpoint, the magnitude of change that could be detected using 10 B6C3F1
mice per group with 80% power at two-sided p = 0.05 was determined assuming normally
distributed endpoints. The number of DO animals required to detect this difference with

80% power at two-sided p = 0.05 then was calculated from the standard deviations observed in
the male DO mice, using standard formulas?®(PROC POWER in SAS 9.3). Endpoints evaluated
included organ weights, organ-to-body weight ratios, body weight change, epididymal sperm
counts, and % sperm motility. Clinical chemistry analyses are not performed on mice in
subchronic studies at NTP but are performed in rats. As an approximation, standard deviations
from male control F344/N (four studies) and F344/NTac (one study) rats in recent NTP
subchronic studies that used either drinking water or gavage exposures?®-?* were used, as
described above, to determine the clinical chemistry differences that could be detected with
80% power at the two-sided 0.05 level of significance. Then, based on the standard deviations
observed in male DO mice, the number of DO mice required to detect the same difference with
80% power at the two-sided 0.05 level of significance was determined for each endpoint.
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Results

Body Weight and Body Weight Gain

The mean of the initial body weights of the 75 DO animals was 23.6 = 2.9 g (median 23.8 g).
NTP study guidelines for subchronic and chronic toxicological studies dictate that body weights
for individual animals at study start be no more than + 20% of the mean. Therefore, the
acceptable body weight range for this study would be 18.9-28.3 g; four mice (5% of total) had
body weights greater than the upper boundary, and two mice (3%) had body weights less than
the lower boundary. These animals would not conform to the current NTP specifications set for
standard B6C3F1 mouse studies. Final body weights at the end of the 14-week study were

33.7 £ 5.0 g (median 32.7 g). Over the course of the study, the animals gained 10.1 £ 3.8 g on
average (median 9.5 g) from starting weights on week 1.

No abnormal clinical signs were observed over the course of the study, except for three animals
exhibiting mild or moderate alopecia. All animals survived until the end of the study, with the
exception of one animal, which was found dead on week 3 with no abnormal findings observed
at necropsy.

Organ Weights

Organ weights from the DO mice at week 14 are presented in Table 1. The average coefficient of
variation (CV) across organs tested was 18%, with the largest CVs for the left and the right
epididymis (26% and 27%, respectively). The smallest CV observed was in the brain weights
(8%), although the CV was larger (16%) for the brain/body weight ratio (Table 1). Liver
weight/body weight ratios averaged approximately 4% (4.10 + 0.49%) with a CV of 20%.

Epididymal Sperm Evaluation

Epididymal sperm concentrations and motility were evaluated on the day of necropsy (Table 2).
The CV for the various measurements of sperm counts and quality varied from 8.6% to 80%.
The percent hyperactive sperm ranged from 0.12% to 9.07%, with a CV of 80. Sperm counts
were the second most variable sperm measurement and ranged 66-fold from 0.5 x 10° to

33.1 x 10° sperm/mL with a CV of 58%. Measurements related to sperm quality varied similarly
to organ weights with CVs from 8.6% to 31%.

Clinical Chemistry

Several terminal serum clinical chemistry measurements were analyzed in these mice. Some
parameters, such as albumin, Ca, Na, CI, and total protein concentrations varied little across
animals, with CVs less than 7% (data not shown). Reference ranges for each analyte are
presented in Table 3. Where data were available, reference ranges for both B6C3F1 mice tested
previously at NTP and common laboratory mouse outbred stock CD-1 were compared to ranges
calculated for the DO stock?®?°, These analytes exhibited a similar range across mouse models.
Reference ranges for albumin, BUN, fasting glucose, K, and Na concentrations and ALT and
ALP activities were equivalent between the DO and the B6C3F1 mice. Reference ranges for
cholesterol, creatinine, and total protein concentrations in the DO mouse were more tightly
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constrained than for the B6C3F1 mouse, with creatinine concentration exhibiting the tightest
range (0.1-0.2 mg/dL in the DO as compared to 0.2-0.8 mg/dL in B6C3F1 mice).

Insulin and Leptin

Serum insulin and leptin concentrations had the largest variability of the endpoints evaluated in
this study (Table 4). Serum insulin at terminal sacrifice demonstrated large variability and ranged
from 71.8 to 63,225 1.U./mL with a CV of 282%. Serum leptin averaged 5,904 I.U./mL and
ranged from 219 to 4,415 1.U./mL with a CV of 85%.

Histopathology

Microscopic lesions observed in the liver are presented in Table 5. These findings were typical
for background lesions observed in mice and consisted of hepatocellular fatty change, glycogen
accumulation, single cell necrosis, and increased mitosis; basophilic focus; chronic
inflammation; periportal mononuclear cell infiltrates; and megakaryocytosis. With the exception
of hepatocellular fatty change and glycogen accumulation, all findings were minimal (grade 1) in
severity. Hepatocellular glycogen accumulation was the most common finding (incidence, 72/75;
96%). Hepatocellular fatty change also was observed in 25% of the DO mice (19/75). Evidence
of chronic inflammation was observed in 44% of the animals (33/75). Chronic inflammation was
noted almost exclusively in animals having minimal to mild fatty change.

Microscopic lesions also were observed in the kidney (Table 5). These findings included cortical
tubule regeneration (31/75; 41%), vacuolization (15/75; 20%), dilation (10/75; 13%), and
hypertrophy (5/75; 7%); papillary and cortical tubule mineralization (13/75; 17% and 2/75; 3%,
respectively); mononuclear cell infiltrate (52/75; 69%); and, more rarely, chronic progressive
nephropathy and artery inflammation (each in 1/75; 1%). Nearly all changes were minimal to
mild, and a few occurred only in single animals.

Power Calculations

NTP evaluates the subchronic toxicity of chemicals in male and female B6C3F1 mice in 90-day
exposure studies consisting of 3-5 dose concentration groups and controls with

10 mice/sex/group. To com